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CHAPTER I

INTRODUCTION

The basic equations of classical electrodynamics, Maxwell's
equations, have been among the most successful in physics.

The

theory of relativity, which showed Newtonian mechanics to be an
approximation good only for objects whose velocities are small
when compared with the velocity of light, produced a formulation
of mechanics compatible with Maxwell's equations.

However, with

the advent of quantum mechanics, a reformulation of the laws of
electricity and magnetism, called quantum electrodynamics, was
necessary.
1 P
Quantum electrodynamics predicts a non-linear phenomenon' ’ ,
the scattering of light by light^, which is not possible according
to Maxwell's equations^, since they are linear.

For this reason,

the scattering of light by light is of great theoretical interest.

^Kane, P. P., and Basamaraju, G., "Possibilities of Observing
Non-Linear Quantum Electrodynamic Effects in Vacuum." Reviews of
Modern Physics, XXXIV (1967 ), 52.
p

Rohrlich, F., and Gluckstern, R. L., "Forward Scattering
of Light by a Coulomb Field." Physical Review, LXXVI (1952), 1.
q
<Tauch, J. M., and Rohrlich, F., Theory of Photons and
Electrons. Cambridge: Mdison-Wesley Publishing Co., 1955*
Pp. 362.
k

Bernstein, A. M., and Mann, A. K., Scattering of Gamma Rays
by a Static Electric Field." Physical Review, CX (1958), 805*

1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Experimental verification, however, is presently impossible
due to the extremely small probability of interaction of photons
in a crossed beam experiment-*-.
Closely related to the scattering of light by light is the
scattering of light by the static electric field surrounding a
nucleus^, often called Delbruck scattering or nuclear potential
scattering, which is within the limits of experimental observation^
The relationship between these two processes is shown by the
similarity of their Feynman diagrams.
There are only four Feynman diagrams (in lowest order)
involving closed electron loops which lead to observable processes^These are l) the polarization of the vacuum, 2) the scattering
of light by light, 3 ) the scattering of light by a static electric
field, and 4) photon splitting.

The polarization of the vacuum

seems to be well verified experimentally by the Lamb-Retherford
experiment? (pertaining to the level shift between the
states of the hydrogen atom).

and gP2

Detection of Delbruck scattering

provides an independent check that closed electron loop diagrams

Rohrlich, op. cit.
O

Standing, K. J., and Jovanovich, J. V., "Coherent Scattering
of 1.33MeV Gamma Rays by Lead." Nature, CLXXXIII (1958), 521.
^Bernstein, op. cit., Pp. 806 .
^ibid.
^Rohrlich, op. cit.
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correspond to actual physical processes.
Delbruck scattering is not the only elastic scattering
process which can occur.

Rayleigh and nuclear Thomson scattering

(discussed in Chapter II) have appreciable cross sections which
must be subtracted from the total differential cross section to
obtain the contribution from Delbruck scattering.

This introduces

an uncertainty because the Rayleigh scattering amplitudes have
not been completely calculated.
Experimental determination of the Delbruck cross section is
complicated by the fact that the cross section is strongly peaked
in the forward direction-*- where photons from the Delbruck scattering
process are difficult to resolve from the Compton scattered photons.
Experimental results have been reported by other workers2”9

•^Ehlotzky, F., and Sheppey, G. C., "Numerical Calculations of
the Delbruck Scattering .Amplitude." Nuovo Cimento, XXXIII (1965 )*

1185.
p

Standing, K. G., and Jovanovich, J. V., "The Elastic
Scattering of Co°° Gamma Rays." Canadian Journal of Physics, XL

(1962), 647.
gQ

^Eberhard, P., and Goldzahl, L., "Diffusion des Rayons^ du
Co par le Champ Electrique des Noyaux." Academie Des Sciences,
CCXL (1955), 2304.
Bernstein, op. cit., Ip. 810.
^Mann, A. K., "Elastic Scattering of Gamma Rays." Physical
Review, Cl (1956), 8.
£

Wilson, R. R., "Scattering of 1.3MeV Gamma Rays by an
Electric Field." Physical Review, XC (1953)> 720.
^Davey, W. G., "The Elastic Scattering of 1.33MeV and 2.76MeV
Gamma Rays by Lead." Proceedings of the Royal Society, A, LXVI

(1953), 1061.
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if
which often disagree by as much as a factor of 2 among themselves,
even though the independent experimental results are reported to
have an uncertainty of 20-30$.

The work reported in this thesis

concerns the improved measurement of the differential cross section
for elastic scattering of 1 .1 7 and 1.33^ev gamma rays from a lead
target at a scattering angle of 29°.

A recently developed high

resolution gamma ray detector, the lithium drifted germanium
semi.-conductor detector, permitted a more accurate determination
of these cross sections than any previously reported.

These cross

sections are compared with those of earlier workers and the latest
theoretical calculations of the elastic scattering processes.

^Goldzahl, L., and Eberhard, P., "Diffusion des Rayons $ de
l,33Mev par le Champ Electrique des Noyaux." Academie Des Sciences,
CCXL (1955-)., 967.
9
Standing, "Coherent Scattering", op. cit., Pp. 3*
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CHAPTER II

THEORETICAL CONSIDERATIONS

Inelastic Processes

When a photon interacts with an atom, any one of a number
of processes may occur.

Those which result in energy loss to

the photon or its total absorption are called inelastic processes.
An important inelastic process is called the Compton effect.
In this process, an incident photon scatters from a free, or
nearly free, electron.

By treating the incident photon as a

particle of energy hP incident upon a stationary electron of
mass mQ and considering the kinematics of the interaction one
easily finds that the energy of the scattered photon (hp) , as
a function of scattering angle (©), is given by-*-

hV

hl)

=

M
where 0(_ — ■■ 1

[ l + o c ( l - c o j 9)]
It is evident that, as the scattering angle approaches zero,
the energy of the scattered photon approaches that of the
incident photon.

A relativistic quantum mechanical treatment

of Compton scattering gives the well-known KLein-Nishina

2

-*-Evans, R. D., The Atomic Nucleus. New York: McGraw-Hill
Book Co., Inc., 1955* Pp* ^75*
^loc. cit., Pp. 683 .
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formula for the differential cross section per electron for an
unpolarized beam,

ir _ rx[

&

3

!

f / itcos‘4 < n - ‘B<»l

r* Ln-ot({-cos©)J (

2

/{I

with rn representing the classical electron radius
This formula is well verified experimentally!.
noted that, particularly for O

i

(i+ c o s 'M + o U l-*05*)]
c*) •

It should he

I , the cross section is

peaked in the forward direction where the difference in energy
of the incident and scattered photons is small.
For incident gamma rays of energy greater than 2mQc2, another
possible inelastic process is pair production2. The incident
photon is totally absorbed, 2moC2 of the energy being used to
create the rest masses of the electron-positron pair and the
rest appearing as kinetic energy of this pair.
Still another inelastic process is the photoelectric
effect3 in which a photon supplies the necessary energy to free
a bound electron and the rest of the energy appears as kinetic
energy of this electron.

In this process there is no scattered

photon.
A fourth process, inelastic scattering from bound electrons^,

!(3hose, A. M., "Measurement of Absolute Differential Cross
Sections of Co^O Photons for the Compton Effect." Nuclear Physics,
LXV (1965), 155.
p

Evans, op. cit., Pp. 702.

3loc. cit., Pp. 695*
k
Randles, J., Incoherent Scattering of Gamma Rays from
Bound Electrons of Heavy Elements." Proceedings of the Physical
Society, LXX (1957), 337-
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often called Compton scattering from bound electrons, also
occurs.

In this process an electron, usually in the K-shell,

scatters the photon, but the ionized atom also participates in
the momentum transfer.

The energy distribution of the gamma rays

scattered by this process extends up to the energy of the incident
gamma ray less the binding energy of the electron for all angles
of the scattered photon.
Since the work reported in this thesis was done with the
1 .1 7 and 1.33MeV Co^O gamma rays, it is of interest to compare

the relative magnitudes of the inelastic cross sections in this
energy region.

Since pair production is energetically forbidden

at energies below 1.02MeV and rises slowly just above the
threshold, the cross section for this process is relatively small
(much less than 0.5 barns/atom) in the energy region of interest.
The photoelectric cross section is about 5 barns/atom and the
Compton cross section about 16 barns/atom in this region.

Elastic Processes

Of all the interactions of gamma rays with matter, in
only four is there no significant loss of energy by the photon
at all scattering angles (elastic processes).
l) Rayleigh scattering,

These are called

2) nuclear Thomson scattering, 3 ) Delbruck

scattering, and k) nuclear resonance scattering!.
In a Rayleigh interaction, scattering occurs from bound

■'•Evans, op.cit., Pp. 673*
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electrons in such a manner that the initial and final states of
the atom are the same.

The cross section for this effect is

approximately proportional to z5 and is strongly peaked in the
forward direction, as ionization is much less probable for small
momentum transfers.

Although understood qualitatively, the

effect is extremely difficult to investigate quantitatively.
Exact calculations of the scattering amplitudes from the K-shell
electrons of mercury have been made by Brown, et al.-*--^, for all
angles and for energies ranging from 0.32mQc2 (0.l6MeV) to 2.'^6m 0 Q.^
(l.31MeV).

The contribution from the other electrons is not

accurately known.

For this experiment, the Rayleigh amplitudes

are needed for a lead scatterer at both 2 .56mQc^ and 2 . 29^ 0^
(l.l7MeV) in terms of transverse photon polarization states
rather than circular polarization states as they are presented.
The polarization transformation equations are given in Appendix A.
The form factor approximation, an estimate of the Rayleigh
cross section which was developed before the exact calculations

''"Brown, G. E. ,Peierls, R. E., and Woodward, J.B., "The
Coherent Scattering of Gamma Rays by K Electrons in Heavy Atoms."
Proceedings of the Royal Society. A, CCXXVTI (195^)^ 51*
p
Brenner, S., Brown, G. E«, and Woodward, J. B., "The
Coherent Scattering of Gamma Rays by K Electrons in Heavy Atoms."
Proceedings of the Royal Society, A, CCXXTII (195*0 > 59»
^Brown, G. E., and Mayers, D. F., "The Coherent Scattering
of Gamma Rays by K Electrons in Heavy Atoms." Proceedings of the
Royal Society, A, CCXXXIV (1955) , 3 ^7 ^Brown, G. E., and Mayers, D. F., "Scattering of 1.28 and
2.56mc^ Gamma Rays in Mercury." Proceedings of the Royal Society,
A, CCXLII (1957), 89.
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were performed, is very useful for guidance in extrapolation^.
In this approximation, the Rayleigh amplitudes are written in the
form

M b r0F(Q)e*e'*, where r0 is the classical electron radius,

F(Q)=S 5;A/(2^T«.N,« ) / y Q C i + Q 2) ^

,

o t is the fine structure constant, Q =

N ^

> and

e and e* are the incident and scattered photon polarization vectors.
For states of circular polarization (see Appendix A), the
amplitude for no change of polarization is
M(no flip) = r0F(Q) [ i ? ! ? * j]
and the amplitude for change of polarization is
M(flip) = r0 F ( Q ) ^ S £ ^ L j J .
To extrapolate the amplitudes of Brown, et al.^, from
mercury to lead, it is reasonable to assume that, although
the form factor approximation may be inaccurate, the ratio
of the form factor approximation amplitudes should be much more
accurate.

It can be shown that the correction factor should be
at constant momentum transfer3.

of Brown, et al.\ extrapolated to lead ,
l»31MeV gamma rays.

The amplitudes

are shown in Figure I for

The imaginary (absorptive) amplitudes pertain

^evinger, J. S., "Small Angle Coherent Scattering of Gamma
Rays by Bound Electrons." Physical Review, LXXXVII (1952), 656 .

2
Brown, "Scattering of 1.28", op. cit., Pp.

89.

%ere one must use caution since Q is a function of Z. The
actual momentum transfer is q.s2 (o(.z)Q.
^ibid.
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RAYLEIGH SCATTERING AMPLITUDES (in Units of rQ)
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Scattering Angle

litO0

160°

FIGURE I.
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to a process much like the photoelectric effect, hut where the
freed electron is recaptured in the initial state, thereby
resulting in ai elastic scattering.
The form factor results for the "spin flip" (i,e. change in
photon polarization) terms are in relatively close agreement with
the exact calculations.

Therefore, the "spin flip" amplitudes can

be obtained directly from the form factor calculations for 1.17MeV
gamma rays.

However, the form factor results are very poor for the

"no spin flip" amplitudes.

Therefore, one must obtain these

amplitudes at l.lTMeV in a different manner.

It can be shown by

simply plotting the exact amplitudes-^- that
M(no spin flip) = G(Q) ( |-f-C0S ©).
G(Q) may be obtained from the results of Brown, et al.^ at
1.31MeV and since G(Q) is a function of Q alone, one easily
obtains the "no spin flip” amplitude at 1.17MeV.

The imaginary

amplitudes may be neglected since they are negligible at these
energies.
To completely calculate the Rayleigh cross section, it is
necessary to know the L-shell contribution.

Although this is

not available, the form factor calculation (modified after
Brown, et al.3) predicts an L-shell contribution to the cross
section of about 20$ of the K-shell contribution to the cross

^Bernstein, op. cit., Pp. 812.
%rown, "Scattering", op. cit., Pp. 89 .
3ibid.
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section at a gamma ray energy of 1.33MeV and for a lead scattererl.
This is also probably a fair approximation at 1.17MeV.
Nuclear Thomson scattering is the scattering of gamma rays
by the nuclear Coulomb field.

It is a Compton scattering with

the electron replaced by a much more massive nucleus.

The momentum

transfer remains the same as for the Compton effect since momentum
must be conserved; however, the much more massive nucleus carries
away a negligible amount of energy thus leaving the energy of the
incident photon essentially unaltered,provided the gamma ray energy
is much less than the rest mass of the nucleus.
the problem may be treated classically.

In this case

The cross section is

therefore the limit as oC approaches zero in the KLein-ETishina
formula, the rest mass of the electron being replaced by the rest
mass of the nucleus.

Hence:

( e*
W
d_a
\ t \ c .y v
2.
*'
The scattering amplitude is shown by Gell-Mann, et al.^, and Low3
—

to be^ —

where e and e 1 are the polarization

vectors of the incident and scattered photons and M is the mass
of the nucleus.

For transverse polarization states the amplitudes

■^Bernstein, op. cit., Pp. 813 .
^Gell-Mann, M., and Goldberger, M. L., "Scattering of Low
Energy Photons lay Particles of Spin
" Physical Review, XCVI

(195*0, l**35•
3

Low, F. E., "Scattering of Light by Very Low Frequency
Systems." Physical Review, XCVI (195**), 1**32.
h

To within an overall sign ambiguity.
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are (see Appendix A.)

M(X)~ ” ( ^ 2)

and

® - ( ^ a ) cos ©

which are more conveniently written as
a
"V
R ^
where mg is the mass of the
electron, nip is the mass of the proton, and A is the atomic
mass number.

Hie Thomson amplitudes are compared to the two real

Rayleigh amplitudes in Figure II.
Delbruck scattering is represented in the intermediate states
by pair production in the Coulomb field of a nucleus.

Quantum

electrodynamics predicts a real (dispersive) part to the
amplitude which is the result of virtual intermediate positronelectron states and is therefore very closely related to the
polarization of the vacuum, and also an imaginary (absorptive)
part to the amplitude which is closely related to ordinary pair
production.

Although the scattering amplitude is extremely

difficult to obtain, recently Ehlotzky,et al.l, have calculated,
to within 5-10$, both the real and imaginary parts of the
amplitudes from l-20MeV and at angles from 0-120°.

The Delbruck

amplitudes are given in Figure III at 1.31MeV for a lead scatterer.
Nuclear resonance scattering^ occurs when the energy of the
incident photon is near the energy of an excited state in the
target nucleus.

The photon excites the nucleus and a photon of

dEhlotzky, F., and Sheppey G. C., "Numerical Calculations of
the Delbruck Scattering Amplitude." Nuovo Cimento, XXXIII (1965 ),
II85 .

2
Evans, op. cit., Pp. 673*
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REAL RAYLEIGH and THOMSON SCATTERING AMPLITUDES
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DELBRUCK SCATTERING AMPLITUDES (units of rQ)
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16
almost the same energy is emitted when the nucleus undergoes a
transition hack to its ground state.

Nuclear resonance scattering

is normally very improbable because of the sharpness of nuclear
energy levels, but small contributions from each of the tails
of many resonances could be significant.

However, this was

investigated by Levinger^- and shown to be negligible in our
case.
In summary, we must be concerned with only three elastic
processes;
scattering.

Rayleigh scattering,

Thomson scattering, and Delbruck

The K-shell contribution (the major contribution)

from Rayleigh, as well as the contributions from Thomson and
Delbruck scattering, have been calculated exactly.

The Thomson

and Rayleigh calculations agree well with experiment, but there
is still some doubt about the experimental verification of the
existence of Delbruck scattering.

Total Differential Cross Sections for Elastic Processes

Since Rayleigh, Thomson, and Delbruck scattering are
physically indistinguishable processes occurring from the same
charge distribution, they are coherent and will interfere with
one another.

To obtain the theoretical cross section for all

elastic processes it is necessary to know all the scattering
amplitudes and their relative phases.

Thomson and Rayleigh

^Levinger, J. S., "Elastic Scattering of Photons by Nuclei."
Physical Review. LXXXIV (1951), 524.
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scattering are known to be in phase and out of phase with
Delbruck scattering at a scattering angle of zero degrees^.
Since the different polarizations are physically distinguishable,
they must be treated separately and hence the differential cross
section for an unpolarized beam is given by^
4?)*, =
dxl '
1
or equivilently
d<r\ , -

211% + % +
v:

+
lMr+Mt+%11
spin flip
no spin flip

+
ci)

K

+ Mt + Mdl

?

{if) j

The factor of one-half in the last expression arises because of
the averaging over initial polarization states and summing over
final polarization states,as the initial beam is unpolarized (see
Appendix B).
In Table I are tabulated the differential cross sections due
to l) Rayleigh K-shell, 2) Rayleigh K-shell plus Thomson, 3)
Rayleigh K-shell plus Thomson plus 20$ of the Rayleigh K-shell
(estimate of L-shell contribution), it-) Rayleigh K-shell plus
Thomson plus Delbruck, and 5) Rayleigh K-shell plus Thomson plus
Delbruck plus 20$ of the Rayleigh K-shell, from a lead scatterer
at an angle of 30° for 1*17 and 1.31MeV gamma rays.

The Rayleigh

-*-Murty, V.A.N., Lakshminarayana, V., and Jnanananda, S.,
"Elastic Scattering of 1.12MeV Gamma Rays." Nuclear Physics,
L X E I ( 1965) ,

304.

p

Eberhard, P., Goldzahl, L., and Hara, E., "Experience
Destinee a la Mise en Evidence de L ’effet Delbruck dans la
Diffusion Elastique des Photons de 2,62MeV." Le Journal De
Physique Et La Radium, XIX (1958), 659 .
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18
imaginary and all Delbruck terms are neglected at 1.17MeV.

The

Rayleigh (K-shell), Thomson, and Delbruck cross sections are
also compared in Figure IV to provide an indication of their
relative importance.

Table I

Theoretical Differential Cross Sections for Fb at 30°

1.17Mev

1.31MeV

Rayleigh (K-shell)

16.7 mb./str.

7*7 mb./str.

Rayleigh (K-shell)
plus Thomson

I7 .9 mb./str.

8 .6 mb./str.

Rayleigh (K&L-shell)
plus Thomson

21.3 mb./str.

10.1 mb./str.

Rayleigh (K-shell)
plus Thomson
plus Delbruck

8.2 mb./str.

Rayleigh (K&L-shell)
plus Thomson
plus Delbruck

9»7 mb./str.
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DIFFERENTIAL CROSS SECTIONS
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CHAPTER I I I

THE EXPERIMENT

Previous Experimental Work

Although a substantial amount of work has been done
experimentally at 1.33MeV (see Introduction) and some work
done at 1 .12MeVl>2 in the elastic scattering of gamma rays from
lead, the results seem to be inconsistent since the experiments
are very susceptible to systematic errors.

The cross sections

are quite small except at small scattering angles where they
become appreciable, but where the problem of resolving the elastic
events from the much more likely competing inelastic events becomes
very great.

This problem arises at small angles because the Compton

cross section is peaked in the forward direction where the energy
of the Compton scattered photon approaches that of the elastically
scattered photon.

Since the intrinsic resolution of scintillation

detectors is rarely better than 7$ at iMeV, resolving the elastic
from the inelastic scattered peaks poses a serious problem at
angles smaller than k5°.

Also, at all angles there is a

significant background contribution from such processes as

1 Murty, op. cit., Pp. 296 .
p

Hardie, G., "The Elastic Scattering of l.IMeV Gamma. Rays
from Lead at 30°*" Unpublished Master's Thesis, University of
Manitoba, Winnipeg, Canada, August 1956. Ip. 1.

20
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incoherent scattering from bound electrons and bremsstrahlung
arising from electrons due to Compton processes in the target.
Hardie1 and Standing, et al.2, have partially solved
the problem due to inelastic processes by using a detector
consisting of two photomultiplier tubes coupled to a single
Nal(Tl) crystal.

This greatly reduces the unwanted background

due to inelastic processes, but at the expense of efficiency.
This is particularly serious at small angles (< 20°) mainly
because of the intrinsic resolution of the detector system
('V'10$>).

Furthermore, the technique is very susceptible to small

electronic drifts.
Recently, a new type of gamma ray detector, the lithium
drifted germanium semi-conductor detector, has been developed3.
This type of detector has resolution improved by about an order
of magnitude over that of scintillation detectors (approximately
■|$ in our case at the energies of interest).

This improvement

in resolution permits cross sections to be measured more
accurately for two reasons.

First, the full energy peaks due

to elastically scattered gamma rays are clearly resolved from
the background due to the inelastic processes and second, since
the elastic peaks are very sharp, there is little ambiguity in the

1 ibid.

2

Standing, "The Elastic Scattering", op. cit., Pp. 622.

Price, W. J., Nuclear Radiation Detection. New York:
McGraw-Hill Book Co., 196k. Pp. 212.
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subtraction of this background which caused so much uncertainty
when a scintillation detector was used.

Figures V and VI show

spectra taken with the two types of detectors.

Figure V is a

scintillation spectrum of Co^° gamma rays scattered at 60 ° by
lead obtained by Standing, et al.\ and Figure VI is a spectrum
of Co60 gamma rays scattered at 29° by lead obtained with a
lithium drifted germanium detector.

One notes here that the

Compton peak is closer to the elastic scattered peak, but is
clearly resolved.

Experimental Arrangement and Apparatus

Figure VII shows a typical view of the experimental
arrangement.

A 1-curie Co60 source was enclosed in approximately

3,000 lbs. of lead and was positioned behind an eight inch long

hollow stainless steel cylinder which contained mercury.

When

the mercury was forced from the cylinder into a reservoir, a
gamma ray beam emerged to strike a target and some of the scattered
photons were detected by the lithium drifted germanium detector.
Approximately J00 lbs. more lead were placed around the detector
and between the detector and source to minimize the number of
gamma rays striking the detector when there was a gamma ray beam
but no target.

A shielding arrangement was found such that the

background in the region of the elastic scattered peak was about

■^Standing, "The Elastic Scattering", op. cit. Pp. 631 .
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the same whether or not there was a heam.
The target was approximately 75 cm. from both the source and
the detector and oriented so that the angle between it and the
axis of the beam was one half the scattering angle.

This geometry

results in minimum angular dispersion (i,e. deviation of scattering
angle over the target surface).

Since the beam had a circular

cross section, the target was constructed in the shape of an
ellipse which, when properly oriented, appeared in projection
as a circular disc to both the source and the detector thus
making the most efficient use of the beam.

The target determined

the effective beam size and an allowance was made for possible
error in positioning of the target.
The pulses from the detector were fed to a preamplifier
(Tennelec TC-100) located near the detector and then to a
linear amplifier (Tennelec TC-200).

The time constants of the

pulse shaping circuits in the amplifier were adjusted to provide
the best possible resolution.

The amplified pulses were then

sent to a multi-channel analyzer (Nuclear Data series 120).

The

analyzed spectrum was displayed on a C.R.T. tube after each
independent run and examined to insure that no electronic
malfunction had occurred during the run.

The spectrum was then

recorded in digital form (see Figure IX).

Cross Section Measurements

The elastic scattering cross section may be determined
absolutely with two relative measurements (see, for example,
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Standing, et. al.1 ).

The number of elastic events which occur in

the full energy peak in unit time (na) is given by

^ =

(1 )

t

where a is the source strength for the gamma ray being used, r
is the target-source distance,

N is the number of scattering

centers in the target, w is the solid angle subtended by the
detector at the target,

e is the probability that a gamma ray

elastically scattered within the solid angle t*> will be recorded
in the full energy peak, and (

is the elastic scattering cross

section.
If it is supposed that the target is replaced by a small
Ccfi® source of source strength b with the same dimensions as the

target and the primary source (a) is closed, the number of counts
in the full energy peak is given by

"b = (ifif)
The probability S and solid angle W

^
remain the same since the

same detector and geometry are used and the photon energy is the
same.

Combining equations (l) and(2) yields

Therefore, besides knowing the source-target distance and the number
of scattering centers, it is only necessary to know the ratio of
the source strengths and the ratio of the counting rates to obtain
the absolute cross section.

1 loc. cit., Ep. 626 .
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Experimental Measurements

The counting to determine the cross section consisted of
a long series of independent runs, each lasting 100 minutes of
live counting time as determined by the automatic internal live
timing device in the multi-channel analyzer.

Two targets were

used, one of aluminum and the other of lead, as well as an auxiliary
Co^O source which had the same shape as the target and was located
at the target position.

The two targets and the auxiliary CoDU

source were all ellipses with the same major and minor axes.
The auxiliary Co^O source was made by painting a solution
fin
of Co CI2 in water onto construction cardboard.
mounted on a wooden backing to insure flatness.

This was then
It was covered

with a thin film of plastic to protect it from moisture and to
insure that no active material was inadvertently removed during
handling.

It had a strength of about three microcuries.

This

activity was chosen to produce about the same counting rate as
that due to the lead target.
The thickness of the aluminum target was such that it
contained the same number of electrons as the lead target.

This

target then should contribute about the same number of Compton
events while contributing a negligible number of elastically
scattered photons (less than ■§$ at 1.33MeV).

This provided a

reasonable measurement of background since it included only
inelastic events and would be expected to produce approximately
the same number, if any, of "pile up" pulses as the lead target.

29
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Of course, the contribution to the counting rate due to room
background was also present with the aluminum target.

Scattering

by the photoelectric effect and scattering from bound electrons
are greatly different in the two targets.
Measurements on the three targets were taken in sequence
(100 live minutes per target as previously mentioned) with a
2 live minute standard Co^O spectrum taken between each run.

This procedure was necessary so that the effect of any electronic
drift in gain of the system could be corrected.

The short runs

monitored the over-all drift and each 100 minute run was corrected
by a suitable shift in channel numbers.

The electronic equipment

was quite stable, rarely drifting more than a fraction of a
channel per run.

The accumulation of data was continued until satis

factory statistics were acquired.

This was a long process (2k,000

live minutes of counting time in all,

8 ,0 0 0 on each target and the

smaller source) since the 1 -curie source is hardly adequate for this
type of experiment (this is why a thick target had to be used and
great care taken to optimize the geometry).
All measurements, except the 2 minute calibration runs, were
performed with a ^ inch lead absorber in front of the detector.
This gave a great reduction in low energy background while not
seriously attenuating the elastically scattered gamma rays.
Furthermore, since it was in place throughout the experiment,
it did not enter into the determination of the cross section.
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Source Calibration

Since the ratio of the strength of the 1-curie source to
that of the auxiliary source is of the order of 10 ^, it proved
impractical to determine this ratio directly.

Therefore a

60
Co
source of about 1-millicurie was used in an intermediate

step in determining this ratio.

Two source strength ratios were

determined - the ratio of the 1 -curie source to the 1 -millicurie
source and the ratio of the 1 -millicurie source to the auxiliary
source.
A well shielded (approximately 1,000'lbs. of lead) 3 in. x
3 in. Nal(Tl) detector system was placed 5 meters from the 1-curie

source (see Figure VIIl).

The output from this detector was fed

to a preamplifier and then directly to the multi-channel analyzer
(see Figure X).

A ^

inch iron absorber was placed between the

detector and the source to reduce the counting rate to a point
where "pile up" pulses did not remove an appreciable number of
events from the spectrum (it was necessary to use an absorber
since available space prohibited increasing the source detector
distance to make use of the inverse square law). The choice of
absorber thickness had to be made with care - a thicker absorber
would decrease "pile up" even further but would make it nearly
impossible to achieve reasonable counting statistics for the
1 -millicurie source.

In determining the ratio, first the 1-curie source was

31
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exposed and sufficient data taken to insure good random statistics
(to) live minutes).

Then, the 1-curie source was closed and an

additional four inches of lead were placed between it and the
detector to insure that no appreciable radiation could reach the
detector from this source.

Next the 1-millicurie source was

placed in an environment which simulated that of the 1 -curie
source.

This was done to insure that any small angle scattering

into the beam from the stainless steel shutter walls or surrounding
lead would remain.

The 1-millicurie source was then placed

directly in front of the now shielded 1 -curie source and the
detector placed 5 meters from the 1 -millicurie source.
Measurements were again made for a time sufficient to insure
reasonable statistics (3,200 live minutes).

The 1-millicurie

source was then removed and room background measured for the
same live time.
Similarly, the 1-millicurie source was compared to the
small auxiliary source.

The major differences were the fact

that the iron absorber was removed and the counting times were
different (toO live minutes for the 1 -millicurie source and
6 ,000 live minutes for the small auxiliary source).

The respective counting rates were obtained by adding the
number of events in all channels (except the first 23 channels
which were composed mostly of noise) of the respective spectra
and dividing by the respective counting times.

This insured

maximum accuracy in determining the ratios.
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Corrections

Several corrections were made to the data.

The largest of

these was for attenuation of both the incident beam and the
elastically scattered gamma rays in the target.
shown (see Appendix

c)

It can be

that, for thick targets and the geometry

used in this experiment, the correction for target attenuation
is given by

f

_ ^ ) JL
° "

{cscfr

+

esc

fr)} J

)

££l-exp£-AOf{c$c<f> + c s c C e - $ ) } ] ) J

where NQ is the counting rate if there were no attenuation,

,

N is the recorded counting rate, x is the target thickness, M . is
the absorption coefficient for the target material at the
incident beam energy,

is the acute angle between the plane of

the target and the axis of the beam, and & is the scattering
angle.

Care must be exercised in choosing

. The

theoretically calculated value for _44_ contains an appreciable
contribution from Rayleigh scattering.

However, photons

scattered by this process suffer no energy loss and the mean
scattering angle is very small (60-70$ of the Rayleigh
scattered photons deviate by less than
1.33MeV).

for lead at

Most of these photons are then not lost. Therefore,

the experimental values of -M.

(determined by small solid

angle transmission experiments) must be used with this equation.
The values of M . used in this experiment were the experimental

3^
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values obtained by Colgate^.

The attenuation correction was

about 50$ in this experiment.

There is also a small correction

(see Appendix C) due to the spatial extent of the target and
the fact that the beam was not parallel but slightly diverging.
This correction amounted to about 2$ in this experiment.
A second correction is necessary because of an approximation
made in deriving the expression for the differential cross
section.

It was assumed that the gamma ray flux was constant

over the entire target and was equal to

&

vnr

Here a

represents the number of 1.33MeV gamma rays emitted by the source
per unit time and r represents the distance from the source
to the center of the target.

However, for extended targets,

one must calculate the average flux over the target area (see
Appendix D).

This results in approximately a 5$ correction.

Inelastic scattering from bound electrons was not
appreciable at 1.33MeV butcould not be
This is one of the reasons

why other

neglected at l.lTMeV.
workers havenot attempted

to make measurements with the l.lTMeV photons while doing extensive
work with the 1.33MeV photons from Co^O.

However, with the

superior resolution of the germanium detector, it was a relatively
simple task to make this correction by drawing a smooth curve
through the background.

This procedure introduced, essentially,

^■Grodstein, G., X-Ray Attenuation Coefficients from lOKeV to
lOOMeV. Circular No. 563 / U.S. National Bureau of Standards,
Washington 25, D.C., 1957*
Pp* 19*
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the statistical -uncertaintyof the backgrounds

The background

under both full energy peaks from the auxiliary source was
also obtained in this manner.
Although the angle of scattering from the center of the
target is easily measured, the effective angle (due to
variations in scattering angle over the surface of the target)
is extremely difficult to calculate for an elliptic target.
The integrals may be evaluated in closed form only if dubious
approximations are made.

However, the effective scattering angle

was calculated using these approximations.

Fortunately, the

effective scattering angle may also be obtained experimentally
by observing the energy of the Compton scattered peaks.

The

experimental results agreed with the calculated value to within
ly0. Since the experimental results should be more reliable, they
have been assigned as the mean scattering angle, but with an
uncertainty large enough to encompass the calculated result.

Results

The ratio of the source strengths between the auxiliary
source and the 1-curie source was found to be 3*17 x 10”^ ± 1.0$.
The ratio of the uncorrected counting rates between the lead
target and the auxiliary source in the elastically scattered peak
(n^r^) was found to be 0.723Jt 6.0$ at 1.33MeV and 1.28± 6.2$
at 1.17MeV.

The major axis of the target was measured to be

^0.7i 0*1 cm. and the minor axis was measured to be 8.1± 0.1 cm.
It had a mass of 976.0 gm.rfc 0.02$ and therefore contained
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2 .8 3 8 x lO^d: 0.02$

scattering atoms.

was measured to be 0.301 cm. dr 0.5$*

The target thickness

The distance from the

source to the center of the target was found to be 73 *9 r± 0*5 cm.
The scattering angle at the center of the target was found to
be 28 ° 38 'dr 3 *

and the angle between the axis of the beam _

and the target plane was measured to be lV 3

1'.

This

information, with the indicated corrections, determined the
elastic differential cross sections to be l6 .1 db 1 .0 mb./str.
at 1.17MeV and 8 .3^-dt O .5 2 mb./str. at 1.33MeV for lead at
29°dr lF -
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CHAPTER I V

UNCERTAINTIES

Counting rate statistics are the largest single uncertainty
in the experiment.
(na/n-^) is ±

The statistical uncertainty in the ratio

6.0$ at 1.33MeV and

^ 6.2$ at l.lTMeV.

Distances and angles in the experimental arrangement were
carefully measured, giving the values and uncertainties stated
in Chapter III.

The absorption coefficient for lead was taken

as 0.0553^ 0.18$ at 1.33MeV and 0.0640± 0.5$ at l.lTMeV.
These values yielded an uncertainty of ±

0.8$ at 1.17MeV and

0.6$ at 1.33MeV for the primary correction factor due to
attenuation in the target.
considered accurate to ±
±■0.1$

The secondary correction term was
5$ in a-H cases, giving an additional

to each primary correction term.

The correction for variation of flux over the target was
accurate to ±

1$ and therefore gave an uncertainty of less

than i 0.1$ at both energies.
It was discovered, after the experiment had been completed,
that a small error had been made in positioning the target.
Since this could lead to a large systematic error, the position
of the target in the beam was determined by placing a photographic
plate about 25 cm. behind the target and then opening the source
with the target in place.

The photographic plate, when developed,

showed the image of the beam with the ''shadow” of the target

38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

clearly visible.

None of the target was totally out of the

beam, however, a small segment of one end of the target was
in a portion of the beam with reduced intensity (a "fringe"
due to a circular lip of lead in the source holder).

Although

the intensity was probably not reduced by more than a factor
of two, it was assumed that no beam struck this area.

The

error introduced is then given by the ratio of the area (on
the photographic plate) not covered by the beam to the total area
(again on the plate) of the target.

This ratio was less than

0.005 and therefore, the error introduced is less than ± 0.5$*

To be conservative, a ± 1$ uncertainty was assigned.
Since the statistical error in the ratio of source strengths
(b/a) was very small (less than ± 0.5$ in the worst case), the
major error arose from the possibility that "pile up" of pulses
could remove an appreciable number of pulses from the spectrum
and hence cause a significant error.

The expected number of
2.

"pile up" pulses can be calculated from
where

X

[\)p=

**

is the decay time of the Nal(Tl) crystal (about

10~6 sec.), N is the counting rate, and N
counting rate.

is the "pile up"

"Pile up" was completely negligible except

for the case of the 1-curie source (dr 0.8$).

The uncertainty

of the ratio of source strengths is ± 1.0$.
Combining these uncertainties yields =fc 6.^$ at 1.17MeV and
dr

6.2$ at l«33MeV as previously stated.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER V

DISCUSSION

Comparison With Other Experiments

The results of this experiment at 1.33MeV, considering the
experimental uncertainty, fall within the range of values obtained
by Bernstein, et al.-'-, and Standing, et al.^, at the same angle.
The results do not agree with those of Mann3.

In all cases, our

experimental uncertainty is smaller than that of the other workers.
Little experimental work has been done at 1.17MeV.
there has been some work^>5 done at 1.12MeV.

However,

Since the cross

sections increase rapidly with decreasing energy, we would expect
the results at 1.17MeV to be slightly smaller than those at 1.12MeV.
This appears to be the case.

The different experimental results

are compared in Table II.

Comparison With Theory

The results of this experiment indicate that, at both 1.17MeV

op. cit., Pp. 810.
p

Standing, "The Elastic Scattering", op. cit., Pp. 6 k 7«
^op. cit., Pp. 8.
A
Hardie, op. cit., Pp. 1.
^Murty, op. cit., Pp. 302.

itO
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TABLE I I

Differential Cross Sections for Elastic Scattering
of Gamma Rays From Lead (in units of mb./str.)

1.12MeV & l. U M e V
Present Results (l.!7MeV)
1 6 .1 ± 1.0

Other Results (l.!2MeV)

at 27.5°-30.5°

(a) 21.2i 1.4
(b)

16.3 ± 2.4

at 29 °-37°
at 25°“35°

1.33M6V1
Present Results

8.34=fc 0 .5 2

at 2T.5°-30.5°

Other Results

(c) 7.7i 0 .8

at 27 .5 °-32 .5 °

(a) 10 .0 =b 1 .5

at 27 °-33°

(e) 13

at 26.5°-33.5°

i 3

(a) Hardie (1956 )
(b) Murty, et al. (1965 )
(c) Standing, et al. (1962 )
(d) Bernstein, et al. ( 1958)
(e) Mann (1956 )

•^Standing, "The Elastic Scattering", op. cit., Pp. 647.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

and 1.33MeV, the contribution to the cross section due to the
L-shell electrons in the case of Rayleigh scattering can not
be nearly as large as is usually assumed.

In fact, our results

indicate that the L-shell can contribute no more than approximately
12$ of the K-shell contribution if Delbruck scattering exists and
has been correctly calculated at 1.33MeV.

If one assumes that

Delbruck scattering does not exist, this upper limit becomes
approximately 5$•

Such an L-shell contribution is about a

factor of four less than that predicted by the form factor
calculation, which was expected to give a reasonable estimate'*'.
Therefore, although no definite statement can be made concerning
Delbruck scattering until the L-shell contribution is calculated
more accurately, the results of this experiment seem to suggest
the presence of Delbruck scattering.

Need for Further Work

Clearly, the most urgently needed work is the exact calculation
of the L-shell contribution to the Rayleigh scattering amplitudes.
With the present state of the experiments, these calculations
could very well prove or disprove the existence of Delbruck
scattering.
Experimentally, the next logical step would seem to be
measurements of the scattering cross sections in the 2-3MeV
region.

In this region, the real Delbruck amplitudes are of

^Bernstein, op. cit., Pp. 812.
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the same magnitude as those at 1.33MeV and the imaginary
amplitudes, although larger, are not yet dominant.

The

major advantage at these energies is that Rayleigh scattering
is down by nearly an order of magnitude at 30°.

Clearly, this

reduces the "L-shell problem" and could well provide experimental
verification (or denial) of the Delbruck effect, even without
exact L-shell calculations.
The semi-conductor detector is obviously a great advancement
and should find repeated application in future experiments,
especially since more efficient semi-conductor detectors are
now available.
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APPENDIX A

POLARIZATION STATES1

The polarization state of a photon may he represented
mathematically in different ways.

Two common representations

are termed transverse and circular polarization states.

In

transverse polarization, the state of the photon is given
in terms of two real unit vectors, one parallel and the other
perpendicular to the scattering plane.

These vectors are,

of course, mutually orthogonal and also orthogonal to the
direction of propagation of the photon.

In circular polarization

the states are represented in terms of two complex unit vectors
in the direction of propagation of the photon.

These vectors

correspond to left and right helicity.
If one chooses a co-ordinate system for the initial state
such that the z-axis lies along the direction of propagation of
the photon and the x-axis lies in the scattering plane and also
a co-ordinate system for the final state such that the z'-axis
lies along the direction of propagation of the photon and the
x ’-axis lies in the scattering plane, then the two systems are
related hy the equations
(.'=

i

c o s

©

-

K

S I N

e

1Dotson, A., "Polarization Analysis of Rayleigh Scattering."
Unpublished, (Private Communication), Physics Dept., Western
Michigan University.

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

where b , J , and K are unit vectors along the x, y, and z axes
A/ A
y\ /
and [ , J ,and K are omitvectors along
thex', y*, and z* axes
respectively.

© is the scattering angle.

In transverse

polarization,

thebase statesare then
(l,0,0)
and
= (0,1,0).
_
A*
/A
Therefore, e^ *=
{ LC o S © - K S iH ©) = (ce>S ©, O r Sit,e) and
—
A
e2 != J - J 5 (0,1,0), where the prime refers to the scattered photon.
In the case of circular polarization, the initial base states are
ei-'j*r (l,i,0) and
Ka,

(l,-i,0) which, in the same manner as
12.

above, become e i ' = ^ ( c o S 6 , l,-S»W$) and ~2 ' - y = ( c o s B , - i r s 1" e )
after scattering.
Since the Thomson amplitude is given by M*

^

and since, for transverse polarization states, (e^’e^1)= CoS 0,
(®2 *®2 i) ~

and (” 1 *62 ') « (®2 * ) s °* then M ^ ) =

and M(#) = —
are zero.
=

COS &

and the "spin flip" amplitudes

In the case of circular polarization, (e^'e^1*) - (e^'eg**)
and (®i*e2'*) “ (e2*~i'*)- C C 0

0

* HenceJ

the Thomson amplitudes are
M(no spin flip) =
M( spin flip) C

f

and

j~CO£ ^ - Ij

(for complex states, the complex conjugate of the final
polarization vector must be usedd ).

^Messiah, A., Quantum Mechanics. New York: John Wiley and
Sons, Inc., 1962. Pp. 10!+8.
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1 give
In the case of Rayleigh scattering, Brenner, et al.x,
the matrix elements as

'

h6

p

"

E; + ^ -

ek

and
/ A e (j,j'J- - iz £

^

r'K<f,)

t j,~ to - E n
where "a” means the photon is absorbed before emission occurs and
"e" refers to the case where the photon is emitted before absorption.
Since the subscript i refers to electron spin and is handled
independently of j and j1, the entire dependence upon polarization
of the matrix elements is given by

*J j

i

X ^

(

e

*

Z )

(

e

s d .) =

F [<«? * d . ) ( e ~ ■ < ) ]

and

/1e(j j')

s E

.

For transverse (represented by the superscript "t") states, then
/A*.o, r ) ~

P L f c c o j e,
(i)

= FL(<>U toy e

j,v ®)oCx ]

.

The other seven elements are obtained in the same way.

For

■^op. cit., Pp. 6l.
2c -h = 1
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the

circular (represented by the superscript "c") states

F[if=(cos-ij-siA/
# ■ Cfllj * dfiiM 0|)(^ptt L

*" Ft 2

•

Again the other seven elements are obtained in the same way. Now,
J J & x d X x

f ( r , ,r l ) [ k

= K ^ J f d T i dT, f ( r , t r x ) ( c t - x ' ) ( e + J J ' • * } ,
hence

Mo, ( hi') ~ 4 £ F [,(«*•* to5 & -

Ifil

-

+ i P£f°ty. cos- e - 0I4 J f-N ©)

+ F L *^3 J J ^

Using the expressions (such as i) for the states of
transverse polarization, the above expressions become

M I ( u*) = | «

M i ( i , r ) = £<,, 1■; - i m I
Mi

1-

( u .j + i

1 2 ,i'j

(1 )

- i m L u jV -

=

(2)

+

(3)

and

M i u

.

r

)

w

Obviously, identical relationships hold for the "emission first"
elements.
Now, taking the spin dependence explicitly into consideration,
the observable matrix element (ie. due to both the "absorption
first" and the "emission first" elements) may be written

. ,1 r

iy«c ("i)

C(+y

=[m

(or)

+ n

"J

( h r ) ]

(since there are two K-shell electrons with spin projections ± •§■),
where

iu\t(c)

n

,. f

a,i-) -

kj,£

( hi') + /^ e

(i)

1

( M')j .
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*1

Brenner, et al. , show that

c
f ^\

\ 1,1') = ^

c

Therefore,

Since all spins are now the same, we need no longer carrythem
and hence maynow apply relations (l) - (4) to obtain

and similarly

w ? ( a, i9 - [til a, n + ft I i i,2'>] * [ n f ( i , ,-) >■n i a, z>)J
z l Ml ( i , i ' ) - nZi z, r ) ] +l nI t t , r )

- m Z u

.

. z 'j ]

Since these relationships are symmetric in the polarization
indices,

(I,!*; - / * l * ( 2 t 2 ‘ )

and

( 1,2*)

- l*T ( * J ') .

Using these results we may now write
( i t i*) ^ I A t ( z , 2')

= ln l( i, r )

+ M lo,r)]*[M *U 2*)*M Z<2,iil

M r a j i ' ) * n r d . r ) « [ m Z ( u *)+A?er (>,r)] - J > * u ^ )
or in simpler notation
/^T t No f l i p )
M r

(

These results

a

(//)

+ M r (±)

/>) * M j ( v ) - ^»T
enable us to transform the Rayleigh amplitudesfrom

transverse to circular polarization states and vice versa.
Again using relationships (l) - (4),
=z j[M l

(a,2*)

*<<*,!')- M l ( i.i*)]

1loc. cit., Ip. 66.
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(5)

k9

and

and similar expressions for the "emission first" elements.

The

"spin flip" terms in transverse polarization states are

m? (

v ) - [ m :< ♦ » , ,

»•>]

and

=

%,r)].

Using expressions (5 ) and (6),

Kda') = i t I

~

«

£

+ ^similar terms with the subscript
s

’

•

Since

etc#> we may write

'kllnl'trSKVU-<*&»■- »'«'%■>]

* !« .* •)

which clearly vanishes.
that

: J J

*%,■) - < % • > ]

T

In the same manner, it can he shown

also vanishes.

T

Therefore M j ( i , 2’) ~

T

~0,

Hence, when using states of transverse polarization, the "spin
flip" terms vanish for Rayleigh scattering.

These amplitudes

also vanish for Delbruck scattering-*-.
It is worthwhile to note that (see equations II)

- T ^ F L ( * x C 0 S e - ^ s / v e ) ^ ] - cl F[ct^o(.JiJ

- i F[.(o(y cose~«c2j/,
A/e)o(y'] -

^

•^•Kessler, P., "Contribution de la Partie Imaginaire de
L 1amplitude de L'effet Delbruck a la Diffusion Elastique des
Photons." Le Journal De Physique Et Le Radium, XIX (1958), 7^0.
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and

M«.c L2‘) - $ { F [ « x C o S

e - 0I*JiV ©)otpt] + i FL<ty<iic]

+ i F [ ( * % c o $ @ - < t s $ , w e ) * ^ ] - P t oly 7 }
which, at zero degrees, become
<

(2,1-;= U r £ < y - L F L * 3 * * ] - L F [ * * < * M K ; ) }

and

d , 2') = '-i [ F h % i + i,

+ i r[ct,x 4 r f - ri.« (l3] }

Hence,
M j ( 2 , 1•) = [ K

U

/ ) + H * (1,2^] -fJsimilar "emission first" terms]

becomes, at zero degrees,

(W)lt70 %[ * Fl*i ] ' 1

(since c(^ ~ ^ ^

•

J ] + k[*&L*X1- 2 E L*y ] ]

Hence, for circular polarization states, the

Rayleigh "spin flip" terms vanish at zero degrees. It can also
be shown, by similar arguments, that the Rayleigh "no spin flip"
terms vanish at l80 °.
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APPENDIX B

CROSS SECTIONS FOR AN UNPOLARIZED BEAM1

Since different polarization states are physically
distinguishable, they must he treated as incoherent processes.
Assume that an incoming beam has only one polarization state,
say A, and that there are two polarization states after scattering,
say A' and B*. Now A* and B* are distinguishable states so there
must be amplitudes M(A,A*) and M(A,B') and the cross section is
given by i f

j

=. |M(A,A1)J + (M(A,B' ) ^ •

In the case of an unpolarized beam, the polarization states
of the beam can be resolved into two components, say A and B,
with the average polarization state then being Jr(A+B).
Therefore, the cross section would be written
j ^ = i | ) M (A,A')|%

|m(A,B*

£|m(B,A' )J + |m(B,B*)| j

which becomes
i ^ a i | | M ( A , A ' ) | \ |m(B,B')|*+ |m(A,B')|*+ |m(B,A')|

J ^

Now, in the case of circular polarization states we have shown
that M(A,A' )= M(B,B' ) = M(no spin flip) and
= M(spin flip).

M(A,B’)=r M(B,A' )

Therefore, for circular polarization states,

the cross section for an unpolarized incident beam is
= ||2|M(no flip)|*+ 2|M(flip)|^

"^Feynman, R. P., Quantum Electrodynamics. New York:
McGraw-Hill Book Co., Inc., 1955. Pp« 102.
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or simply
J g = ^|M(no flip)) + |M(flip)j J .
For transverse polarization states, we have shown that
M(A,B') — M(B,A*) =■ 0

(i,e. the spin flip terms vanish as

shown in Appendix A).

Furthermore,

M(B,B») = M(//).

M(A,A* ) ■= M(J_) and

Therefore,
for an unpolarized incident beam.

&

=

#

a)f+ M

7
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APPENDIX C

CORRECTION FOR TARGET ATTENUATION

Primary Correction

From the diagram
6% = s ' in ip d l ,

= si'we-4>; j 2 z .

Let N represent the number
of events that could be detected
if no attenuation occurred.

Then

the number of these events which
are attenuated in an infinitesimal
path length is — J*. N d £ z

where M is the absorption coefficient.

There is also an attenuation of the incident beam which is given
by — x*. f J d J t i

•

Therefore, the total attenuation is

J N

—

Integrating this expression over a finite target
thickness yields

/Y(*) s /V0

[ c s c f + CSc ( & - $ ) } ]

where x is the target thickness and Nq is the counting rate per
unit thickness for an infinitely thin target.
Now scattering is equally likely to occur anywhere in
the target,

therefore, we must average this expression over

the target thickness.

<N> -

N

°

f X

4

- j Nix')

___

dx'

yielding

f
j c s c »» esc (»-♦)}]
7
c t l ~ e v . f > f - * . 7 L l c s c ♦ ♦ cstt®-$)}./ ] j .
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S e c o n d a ry C o r r e c t io n

For an extended target, © and $ are not constant angles
as they were assumed to he in the preceding derivation, but
are actually functions of position on the target.

For certain

geometries, this may introduce a significant error.
In this experiment the vertical extension of the target was
small and contributed less than 0.2$ error in the worst case.
Therefore, the actual error from the vertical extension of the
target would be significantly less than this and the correction
due to vertical extension was neglected.

Also, in this experiment

was approximately equal to ^ ©

In the following discussion

<f»

.

this approximation is used to simplify calculations.
From the diagram, using the
law of sines, we obtain
c

, . _ n s m 4>0 ________
'
[ r o*,+ 7t 1 + 2- folL C.OS f o ] /x

Letting Z T 0 COS <#>0 =■ p

,

and

simplifying we get

csc $ - — c-— Hr**?* + x v" .

r)
, we may write the original

Wow, letting R =
expression (with <f> =

as

A/ = /Vo X /~

I

f? C Sc

fl CSC

<f>

J ,

Expanding the exponential and simplifying gives

A/. {
Averaging over the target surface, we may write

<N>«

No

{ / - f < ‘ S C * > + ^ < C 5 C l< ( > > - ^ < C J C 34.>]i

5b
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In general,

r*
*>

+

< c s c 4»>

-«c
and similarly, for the higher order averages,
axis of the target.

W

a is the semi-major

Using the approximation

+ x»] * «

r. { n-

(this is a good approximation since when x is l a r g e , i s
small) and integrating we find that

< c s c < » > as c s c tt. i ■ ^

l

)

« r.1

< c s c f > < = c s c ’ ^o f | + —

“ n s r .’ J

,

?

aid

„

< c s c J* > « c s c 3* „ { | + f £ ( 3 - t - c o s * * 0) +
Therefore

Noll-§cscf
+

0 + j £ c s c '^ o -

{ [ ) f ^ ] [ i a . 0C(»'“3 c o s a4>t,) + e<.x - < 3(3 + «-o3a4‘
o)]

+
where

cs c 3* ej

1,2

COS2 <Po)]J^

- a . M ”X C S c ^ 0

It is evident that the first term is simply the primary expression
evaluated at

$0

and hence, the second term is the required

correction term.
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APPENDIX D

CALCULATION OF THE AVERAGE FLUX OVER THE TARGET SURFACE

The average flux may be written as

=

where a represents the source strength and r the distance from
the source to the target.

Therefore, the problem reduces to

calculating the average value of ( * )

over the target surface.

From the diagram
(r0 + x c o s * ) * +
Therefore,
?CCOS<t>

-I
J‘
X/ h

( f y

i C o - * * * O'5♦>*+

which, upon integration over y, becomes
X

iTftb

Jt-ki.

L (rn+xcos»)] ,
( r 0 + xcos <f>)

Using the approximations

To/yf1 P «

P - i p 3+c P
3
5

(P^-0

and
-//

[ f o + x c o s ♦]

.M r.

«

yto

- . / * c o s < t > \ . f i ( * + n ; x c o s j *)1!

2. (

K0 [l-N(

r* /

*>

yields
/_i_\

\r v

.

5 2 r«?

qr*8!

W H4

ifco r„»

This expression converges quite rapidly in our case.

Care

should be used, however, in applying it to situations where the
angle is large, the target very extensive, or rQ is very small.
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